We have used first-principles simulations based on time-dependent density functional theory to show that short laser pulses can trigger preferential hydrogen desorption from the upper or lower side of suspended graphane (H-terminated graphene). This control is achieved by using intense ultrashort p-polarized laser pulses (∼2 fs) with an asymmetric time envelope. The dynamical Stark effect induced by the pulse creates an asymmetric charge distribution and force field on the H ions, even at low laser fluence. At finite temperatures the carbon-hydrogen stretching softens, favoring H desorption from one side. This transient geometry can be modified by halogen functionalization, which results in a two-dimensional dipolar structure. Single-layer graphene is fabricated by mechanically peeling off a layer of carbon from pyrolytic graphite.
Single-layer graphene is fabricated by mechanically peeling off a layer of carbon from pyrolytic graphite. 1 Graphene's unique electronic, chemical, and mechanical properties and its potential applications have been extensively studied. Chemically modified graphene has been investigated, 2 and hydrogen (H)-terminated graphene, known as graphane, has also been found to be theoretically stable. 3 Further theoretical studies have examined its structural, magnetic, and optical properties, [4] [5] [6] [7] [8] [9] and its experimental synthesis has also been investigated. 10, 11 Graphene that is H terminated on only one side has also been proposed for use in spin-polarized devices with the structure known as graphone, 12 or as a gapped semiconductor material with full H coverage. 13 In this Rapid Communication we propose a way of H desorption, which is mainly from one side of a suspended graphane sheet, with the use of an asymmetric pulse of the femtosecond laser by performing first-principles simulations. Further chemical modification of this side with other reactive species can reach the heterogeneously terminated graphene, which was recently studied. 14 We emphasize that this asymmetrically biased desorption is thermodynamically difficult and thus has not been considered in former theoretical studies for stability, 15, 16 because the carbon-hydrogen (C-H) bond is the same on both sides. The femtosecond laser pulse has an asymmetric electric field (E-field) time envelope in order to induce dehydrogenation on one side of the graphane in our first-principles molecular dynamics calculations, based on the Ehrenfest time-dependent density functional theory (E-TDDFT) framework. 17, 18 In this work, the z axis is set normal to the graphane sheet with the sheet at z = 0, and z > 0 and z < 0 are taken as the upper and lower regions, respectively (Fig. 1 ). An E-field polarized normal to the graphane sheet with the envelope shown in Fig. 2 results in a positive (upward) force on the ions and a negative force on the electrons. The H atoms in the upper region are desorbed from the sheet by this pulse, whereas the H atoms in the lower region remain bound. Thus, the upper graphene region remains chemically active, making this graphone sheet transient, which can be used for further functionalization. 19 We provide a complete microscopic description of this process, which may have implications beyond the present study. The one-sided H desorption is caused by the asymmetric force field and charge density induced by the laser pulse, known as the dynamical Stark effect. The energy transfer, called the effective fluence, from the laser pulse to the graphane in our simulations was of the order of 10 mJ/cm 2 . The numerical estimation of laser fluence through the simulation of a short-laser pulse has previously been investigated. 20 In the present simulation, we examine the proposed most stable chair conformation 3 of graphane. A laser pulse with a main driving wavelength of 800 nm and a full width at half maximum of 2 fs is used (Fig. 2) . The pulse-induced electron-ion dynamics is described by coupling TDDFT for the electron time evolution with classical molecular dynamics (MD) for the ions (Ehrenfest dynamics 21 ), 17 as implemented in the first-principles simulation tool for electron-ion dynamics (FPSEID) code. The Suzuki-Trotter split operator technique 22 was used for the real-time propagation of the Kohn-Sham wave functions. The optical E field is described in the length gauge by a time-dependent scalar potential V ext (r,t) in the Kohn-Sham Hamiltonian. 23, 24 This scheme allows the time-dependent optical field to interact with both ions and electrons throughout the simulation and the identification of the microscopic mechanisms responsible for the controlled desorption of H atoms. The time-dependent Kohn-Sham equations,
are coupled to the Newton equations for the ions. Here H KS (r,t) is the Kohn-Sham Hamiltonian, which is a functional of the time-varying charge density ρ(r,t), which is uniquely determined from the time-and spatial-dependent external field; 25 ψ n (r,t) are the corresponding time-dependent nth Kohn-Sham orbitals, from which the electron density is obtained by summing over the occupied Kohn-Sham orbitals. During the MD simulation under the external optical E field, the conservation of total energy (electronic plus ionic) minus the work done by the optical E field 26 is found. Periodic boundary conditions are applied, therefore, a supercell consisting of a 1 × 1 graphane unit cell plus a vacuum region of 10Å is used in order to avoid spurious interactions between cells. 27 The interaction between valence electrons and ions are described by norm-conserving pseudopotentials, 29 which we have previously used for the nonequilibrium dynamics of carbon-based materials. 30 Our optimized lattice constant, which was 2% larger than that of graphene, and the internal atomic coordinates of graphane are consistent with literature values. 3 A laser pulse with polarization normal to the graphane sheet is applied to graphane in the optimized (zero temperature) ground-state geometry. This laser polarization corresponds to the p polarization of light with its incident angle off the surface normal. The optical field is expressed by a sawtooth potential along the normal direction, which preserves the spatial periodicity of the supercell in V ext (r,t) in Eq. (1), which contains a polarity inversion in the middle of the vacuum region. Figure 2 shows the asymmetric forces acting on the H atoms throughout the pulse duration. The asymmetric force field can be explained by the laser-induced dynamical Stark effect, The time evolution of the applied pulse field with E max = 20 V/Å. The direction is defined for the force on the negatively charged particle, and the positive and negative directions correspond to z > 0 and z < 0 regions in Fig. 1 , respectively. Lower: The time evolution of forces on the upper (z > 0) and lower (z < 0) hydrogen atoms. which creates an asymmetric charge distribution. Figure 3 shows snapshots of the behavior of the electron density at t = 0, 2, 4, and 6 fs and E max = 20 V/Å. The dynamics clearly show a downward electronic motion at t = 2 fs because of the laser E field and the backward motion following the decay of the E field at t = 4 fs. The dynamic asymmetric charge redistribution and the laser acting on the hydrogen atoms accelerate the upper H atoms more than the lower H atoms. Thus the asymmetry of the E field causes the asymmetric dynamics of H atoms.
The longer time dynamics induced by the laser pulse shown in Fig. 2 are shown in Fig. 4(a) at several values of E max = 20, 21.36, and 22.48 V/Å. After 30 fs at E max = 22.48 V/Å, H atoms in the upper region are desorbed from the sheet, whereas the H atoms in the lower region remain bound. Following H desorption, the network of C atoms favors a nearly planar hexagonal configuration; the C atoms have a nonplanar, sp 3 -like configuration at the beginning of the simulation [ Fig. 4(b) ].
At all the values of E max , the C-H bond length begins to expand or shrink to its original size at the times marked by the triangles in Fig. 4 . The change in the positions of the triangles on the time axes shows a slowdown in the frequency of C-H stretching as E max increases, and that the minimum length of the upper C-H bonds appears later than that of the lower C-H bonds. This result suggests that the dynamical Stark effect, which causes the asymmetry, is enhanced at larger values of E max . When E max is near the threshold of H desorption at 21.36 V/Å, the period of the upper C-H stretching becomes significantly longer than that of lower C-H bond stretching. When E max = 22.48 V/Å, the upper H atoms do not return to the original sheet, whereas the lower H atoms continue to exhibit C-H stretching. These results suggest preferential dehydrogenation from one side of the graphane sheet at a finite temperature. However, a quantitative prediction of the dehydrogenation rate requires a quantum mechanical treatment of the proton motion, which is beyond the scope of the present study.
We next calculate the increase in the potential energy per unit cell of the graphane surface for E max = 22.48 V/Å. The increase in the potential energy was 27.90 eV after the pulse had decayed, which corresponds to an effective fluence of 8.20 mJ/cm 2 . The effective fluence depends on the periodic boundary conditions, 20 33 Recently a threshold of 14 mJ/cm 2 for a damage has been reported. 34 These results indicate the stability of the underlying graphene sheet.
Our simulations provide a framework in which to create a transient geometry, where one side of the graphane sheet has very few or no H atoms. The instability of partly H-terminated graphene was studied experimentally. 10 Meanwhile, theoretical works 15, 16 showed the transient nature of partly Hterminated graphene, too. Because this transient geometry remains chemically active on one side, halogen atoms could be introduced. This would create an incredibly thin dipolar film, which was theoretically studied 14 and could be used in several nanoelectronics applications. Our current work validated this heterogeneously terminated structure by proposing a possible pathway of the formation. Local density approximation (LDA) calculations showed that the lattice constant of graphene that is H terminated on one side and fluorine (F) terminated on the other is 3% larger than that of graphene, whereas that of H-and chlorine (Cl)-terminated graphene is 10% larger. Therefore, the heterogeneous termination of graphene with a mixture of H and F atoms appears to be experimentally feasible, whereas Cl would be too large.
We should also address the question of what happens when the heterogeneously modified graphene sheet is supported on a pristine graphene layer. The preliminary band-structure calculation within the LDA level suggests that electron and hole transfer from the pristine graphene sheet to the heterogeneously terminated graphene takes place when the graphene sheet approaches from the F-or H-terminated side. 35 On the other hand, a Fermi level shift at the Dirac cone is not observed in the band structure of the pristine graphene bilayer, 36, 37 where the location of the Fermi level remains at the Dirac cone or the cone vanishes, depending on stacking.
In conclusion, we have demonstrated, through simulations, an appealing, efficient, and selective way to dehydrogenate a graphane sheet. Doing this is thermodynamically feasible by means of a p-polarized laser with an asymmetric pulse shape to irradiate graphane. A finite temperature would probably reduce the threshold for selective one-sided dehydrogenation of graphane, 38 and the dehydrogenation would proceed without damage to the graphene sheet. Although the generation of a short, intense pulse 39, 40 and control of the pulse shape 41 may be challenging, we hope our findings will stimulate further research on controlling H termination on graphane in order to obtain unique chemically modified structures.
